Study design: A randomized controlled trial. Objectives: To determine the effects of orthotic therapeutic electrical stimulation (TES) on the hand in patients with paresis associated with acute cervical spinal cord injury. Setting: Spinal Injuries Center, Fukuoka, Japan. Methods: The study included patients treated for spinal cord injuries (Frankel classification, grades B and C) at our institution within 1 week post injury between May 2011 and December 2014. The patients were allocated randomly to TES and control groups at the time of admission and underwent TES+conventional training or conventional training alone, respectively. Both hands of each patient were treated in the same way. The primary outcome was total passive motion (TPM) of the fingers (degrees). The secondary outcomes were edema (cm) and the upper-extremity motor scores of the International Standards for the Neurological Classification of Spinal Cord Injury (ISNCSCI). After randomization, outcomes were assessed at 1 week, 1 month and 3 months post injury in both groups. Results: Twenty-nine individuals were assessed at 3 months (15, TES; 14, control). There were no significant between-group differences for TPM of the fingers, edema and upper-extremity motor scores at 1 week, 1 month and 3 months after injury, although TPM of the fingers tended to be lower in the control group. Conclusions: It is unclear from the results of this study whether TES has a therapeutic effect on TPM, edema or the upper-extremity motor score of the ISNCSCI. The results of this study provide useful data for future meta-analyses.
INTRODUCTION
Motor paralysis due to spinal cord injury causes a considerable reduction or loss of voluntary movements, and when the patient is incapable of appreciable movement and remains immobilized for a long period, contractures often occur. 1 Contractures are a common and important complication of spinal cord injury, and they may have a considerable influence on the activities of daily living (ADL). Rehabilitation has been performed to prevent and treat articular contractures, and the application of programmed stimulations to the paralyzed limb using functional electric stimulation (FES) through a number of stimulating electrodes has been reported to allow for the re-establishment of targeted movements. 2, 3 In addition, various kinds of devices and methods have been studied regarding the use of FES for treating patients with spinal cord injuries, and the treatment has been reported to be useful. [4] [5] [6] However, randomized control studies using therapeutic electrical stimulation (TES) for patients with cervical spinal cord injury are few, 4, 7, 8 and our search of the literature revealed that no randomized control study had been conducted on patients in the acute phase.
In this study, we hypothesized that adding TES training to conventional training starting from the acute phase may prevent contractures of the fingers. Consequently, the purpose of this study was to determine the effects of TES using orthotic TES starting from the acute phase.
PATIENTS AND METHODS Patients
Between May 2011 and December 2014, 134 acute spinal cord injury patients were admitted to Spinal Injuries Center, Fukuoka, Japan within 1 week of injury (110 male, 24 female, mean age: 62.0 ± 19.2 years). The classification of these spinal injuries according to the Frankel classification 9 at 1 week after injury is as follows: grade A comprised 49 patients; grade B, 21; grade C, 22; grade D, 17; and grade E, 25 patients.
This study included patients with paresis associated with acute cervical spinal injuries classified as grades B and C according to the Frankel grading system; grades A, D and E were excluded. In addition, the following comprised exclusion criteria for TES: dementia, mental illness, use of ventilators, and injury to the fingers or forearms. Using a permuted block design for allocation, the patients were randomly divided into the TES group and the control group. The block size of the permuted block design for randomization was set to two. Random allocation, enrollment and assignment were performed by the authors. The random allocation sequence was concealed from the authors until interventions were assigned.
Intervention
The TES group received TES in addition to conventional training, whereas, the control group underwent conventional training alone. TES was administered using a neuroprosthesis (NESS H200, Bioness Inc., Valencia, CA; Figure 1 ). For the TES training, the training time was as follows: 5 min twice daily at 1 week after injury; 10 min twice daily at 2 weeks after injury; 15 min twice daily at 3 weeks after injury; and 20 min twice daily at 4 weeks after injury and thereafter. The intensity of the stimulation was individually adjusted to obtain an optimal motor reaction without any side effects such as pain or skin irritation, and it was usually fixed over time. The electrodes were positioned over the extensor digitorum, extensor pollicis brevis, flexor policis longus and thenar muscles to activate the flexors and extensors of the fingers and thumb. 3 TESs were performed at patients' bedside or training room for rehabilitation in supine or sitting positions.
Participants were classified by the Zancolli classification systems. 10 The primary outcome was a total passive motion (TPM) of the fingers. 11 The secondary outcomes were upper-extremity motor scores of the ISNCSCI 12 and edema. After random allocation, outcomes were collected at 1 week, 1 month and 3 months after injury in both hands. The anatomic level of the cervical spinal cord injury was assessed by two spinal surgeons using magnetic resonance imaging and computed tomography. TPM of the fingers was measured separately on the right and left sides based on the sum of the flexion-extension range of motion in the metacarpophalangeal (MP), proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints of the first to fifth fingers (14 joints, 28 motions: 1420°in total). For the edema, the circumferences of the MP joints from the index finger to the little finger were measured. For the upper-extremity motor score, the total score of key muscles in C5 to T1 according to the ISNCSCI was calculated. Blinded assessors were not used.
Our institutional review board approved this research project, and all subjects provided written informed consent before participating in the study. We registered this trial with University hospital Medical Information Network (UMIN) retrospectively according to CONSORT.
Statistical analysis
The Mann-Whitney U-test was used to compare the difference between the TES group and the control groups for each outcome. Multiple comparisons between the TES and control groups were performed at 1 week, 1 month and 3 months after injury using the Turkey-Kramer test; the comparisons were carried out separately for the right and left sides. Po0.05 was considered statistically significant.
Statistical analyses were performed using SPSS computer software (version 20, IBM Corp, Armonk, NY, USA). Values were expressed as mean ± s.d.
RESULTS
Of the 134 patients admitted to our hospital within 1 week after injury, 43 had Frankel grades B and C spinal function. Of these 43 patients, 4 with dementia and mental illness and 2 with respiratory failure were excluded, and the remaining 37 were randomly assigned to each group. Eight patients (four patients in the TES group and four patients in the control group) were transferred to other hospitals within 3 months of admission because of an aggravation of their general condition (pneumonia, 3 cases; cerebrovascular disease, 2 cases; Ischemic heart disease, 2 cases; and ileus, 1 case), and, as a result, 29 patients finally underwent measurements for 3 months without any important harms or unintended effects (Figure 2 ). The TES group was composed of 15 patients (15 male, mean age: 57.7 ± 16.9 years) and the control group consisted of 14 patients (13 male and 1 female, mean age: 59.4 ± 18.5 years). At 1 week after injury, according to the Frankel classification, 6 patients were grade B and 9 patients were grade C in the TES group, whereas, in the control group, 10 patients were grade B and 4 patients were grade C. Regarding level of injury, in the TES group, 7 patients had spinal injuries occurring at C3/4, 4 had injuries at C4/5, 3 at C5/6 and 1 patient at C6/7. In the control group, 6 patients had spinal injuries occurring at C3/4, 1 patient at C4/5 injury, 4 at C5/6, and 3 at C6/7.
The two groups were comparable in terms of age, gender, TPM of the fingers, edema or upper-extremity motor score (Table 1 ). Figure 2 Flow chart of this study. Effects of orthotic therapeutic electrical stimulation K Iwahashi et al Table 2 Outcome data at baseline, 1 week and 3 months Figure 3 Comparison of total passive motion between 1 week and 3 months after injury. No significant differences were found in the TES group of both right hand (a) and left hand (b), whereas, significant decreases were found in control groups of both right hand (c) and left hand (d) at 3 months. Line plots were expressed as mean and s.d.
Effects of orthotic therapeutic electrical stimulation K Iwahashi et al
After randomization, TES was initiated 1 week post injury. There were no significant between-group differences for TPM of the fingers, edema and upper-extremity motor scores at 1 week, 1 month and 3 months after injury, although TPM of the fingers tended to be lower in the control group (Table 2; Figure 3 ).
DISCUSSION
Kapadia et al. 7, 8 previously added TES to conventional rehabilitation training for the treatment of patients with spinal cord injury-induced paresis in the subacute or chronic phase (ASIA impairment scale B-D). They compared the ADL scores of patients receiving conventional rehabilitation training alone with those receiving conventional rehabilitation training and TES, and reported that TES had a beneficial effect. However, to our knowledge, there is no previous report of any randomized control study conducted which was commenced at the acute phase, and there is no evidence of the effect of the aforementioned treatment; therefore, we carried out a controlled study starting at 1 week after injury, that is, in the acute phase. First, findings pertaining to the mean value of the TPM of the fingers showedno significant difference between the groups. We could not demonstrate the significant effect of TES on ROM in this clinical trial. On the other hand, when we look at the serial changes in the control group, the decrease of ROM of fingers was likely to occur at 3 months. Moriyama et al. 13 previously stated that in joint contractures associated with spinal cord injury; moreover, both the muscles and the articular structures contributed to contracture development. It is possible that adding TES with muscle contraction to the conventional training might be more useful than passive ROM training alone for the prevention of contractures.
In addition, reports on the effects of electric stimulation in the treatment of edema are few, and Ralston et al. 14 also reported the use of FES for the treatment of lower-limb edema, but they were unable to prove the beneficial effects of the treatment. When TES is performed, the articular motions triggered by electric stimulation are estimated to improve the pumping action of the muscles and to cause changes in blood flow volume, and this may potentially reduce edema; however, we were also unable to demonstrate the curative effect of TES on edema.
Findings pertaining to the upper-extremity motor scores showed that the upper-extremity motor score improved significantly over time by 3 months in both groups. Our study showed a similar recovery process to the results of previous studies; 15, 16 however, we were unable to demonstrate that TES itself was responsible for the recovery of the muscles.
In our study, a significant improvement in the upper-extremity motor scores was found at 3 months after the injury; however, in the control group, significant decrease of ROM of the fingers occurred at 3 months after injury. This suggested the importance of preventing decrease of ROM by carrying out rehabilitation throughout the acute phase, that is, until 3 months after injury.
The limitations to this study must be acknowledged. First, the sample size of this study was small. Large numbers of patients with cervical spinal cord injury should be evaluated in the future to strengthen the validity of our results and resolve this limitation. In addition, we did not blind assessors. Although we measured fairly without bias in each patient, blinded-endpoint trial (that is, blinding the assessors) would strengthen the results of this study.
An intervention involving rehabilitation starting in the acute phase is essential for preventing complications. Orthotic TES, which is safe, 17 can be started in the acute phase. Our study did not provide definitive evidence that it prevents decrease in ROM in the rehabilitation of cervical spinal cord injuries, but it does provide initial data which future studies could build upon. In addition, it provides data which may be useful for meta-analyses. In future, ascertaining the indications of TES and determining the optimal training time 18 will be necessary in order to offer more efficient rehabilitation.
CONCLUSION
This study prospectively examined the therapeutic efficacy of TES in patients with paresis associated with acute cervical spinal cord injuries, who were admitted within 1 week after injury. The observed decrease in ROM, which tend to be less in the TES group, over the 3 months that follow injury, that is, throughout a period of significant improvement of the paralysis, suggests the importance of rehabilitation for the prevention of decrease of ROM during the acute phase.
